one of the crucial parameters enabling efficient device operation is attaining proper molecular packing and orientation of the semiconducting (macro)molecules in the active layer so that optimized film texturing and morphology are achieved. Moreover, novel functions in organic opto-electronic devices stemmed from mixing different organic semiconductors to realize bulk heterojuctions. Obviously, understanding and controlling the morphological properties of these semiconducting blends, including materials miscibility, solid-state crystallinity, film domain size, hierarchical structures and molecular orientation is essential for achieving efficient device performance. [6, 7] However, due to their different operating principles, not all opto-electronic devices have the same requirements for the supra-molecular organization of the organic semiconductor films. In FETs, charges need to travel parallel to the dielectric layer within a few monolayers of the organic semiconductor in contact with the insulator.
Thus charge transport is sensitive to in-plane film continuity and the π-π overlap of the bidimensional molecular layers at such an interface. [8] On the other hand, precise control of the molecular organization in three dimensions is fundamental for diode architectures where charge transport occurs perpendicular to the electrodes. In the case of bulk heterojunction (BHJ) polymer solar cells (PSCs), it is highly challenging to achieve an optimal phase separation between the donor and acceptor materials. For optimal PSC operation, a donor/acceptor bi-continuous interpenetrating network should be achieved, which increases the heterojunction interface area and enables vertical conductive channels with respect to the substrate, resulting in appropriate bulk charge carrier mobility and high power conversion efficiency (PCE). [9] Polymer-polymer blends are some of the most challenging organic semiconductor systems because of their complex thermodinamics of mixing. [10] Most of the polymer-polymer blendbased devices are fabricated by spin coating the two-component mixture. This process typically yields lateral domains exhibiting well-defined topographical structures which are far from equilibrium. [7, 11] The boundary conditions imposed by the presence of additional interfaces, such as the polymer/air and the polymer/substrate interfaces, affect the characteristic length scales over which local free energy minimization occurs. [10, 12] Generally, the coarse morphologies obtained in polymer-polymer blends are considered one of the major causes for their low power conversion efficiencies in all-polymer solar cells. Substrate surface treatment and solvent evaporation rate control have been used to regulate phase segregation in polymer-polymer films. [13] However, despite two decades of intensive research, a comprehensive picture of the morphology-performance relationships for different polymer blend-based electronic devices remains elusive. [14] Furthermore, very few studies have analyzed all-polymer blend morphology variations vis-à-vis transport characteristics in more than one type of opto-electronic device.
In this work we fabricated PSCs, single-carrier diodes, and bottom-gate FETs based on blends of regioregular poly(3-hexylthiophene) (P3HT) and poly{[N,N'-bis(2-octyldodecyl)-
) and examined the photovoltaic performance and ambipolar transport properties ( Figure   1a ). Our results show that the thin film morphology, including the hierarchical structure, polymer aggregation, and phase separation of the P3HT:P(NDI2OD-T2) blend, tuned by a specific solvent/solvent mixture selection, can dramatically alter charge transport characteristics from a preferential in-plane to an out-of-plane direction. Specifically, we found that the polymer aggregation and phase separation of the all-polymer blend can be directed from self-stratified to laterally phase-separated in thin films, with the former resulting in high balanced ambipolar field-effect mobility (~3  10 -3 cm 2 V -1 s -1 ) but very poor diode transport efficiency and PSC efficiencies (~0.1 %). On the other hand, suppressing the preferential segregation of one of the two polymers leads to 10x higher PCEs (~1.3 %), greater vertical charge transport, but 10x lower mobilities in a field effect transistor configuration (~3  10 -4 cm 2 V -1 s -1 ). Atomic force microscopy (AFM) and depth resolved X-ray photoemission 4 spectroscopy (XPS) are used to rationalize the morphology variations and correlate them to the device performance.
BHJ solar cells, single-carrier diodes, and bottom-gate bottom-contact FETs (see Figure   1b -e) were fabricated using blends of the n-type polymer P(NDI2OD-T2) and the p-type polymer P3HT (Figure 1a ). The evolution of the J-V characteristics of three representative P3HT:P(NDI2OD-T2) solar cells prepared from different solvents is shown in Figure 2a and the crucial parameters are summarized in Table 1 . Note that here to test the effect of the solvent we refer to a weight ratio of 1:1 (w/w) P3HT:P(NDI2OD-T2), although devices with a slight excess of P(NDI2OD-T2) were found to perform slightly better than the 1:1 blends. [15] BHJ solar cells processed from dichlorobenzene (DCB) exhibit high fill factors (nearly 60%), but power conversion efficiencies of only ~0.1%, mainly limited by a very small short-circuit current of only 0.30 mA cm -2 . The low PCE and high fill factor are typical of a hierarchical phase separation as in a bilayer-like film. In this kind of device only a narrow layer near the planar heterojunction is involved in the exciton separation due to the limited exciton diffusion length, [16] strongly limiting the device performance. [17] To further understand vertical charge transport, electron-only and hole-only diodes devices were also fabricated using this solvent (see details in the Experimental Section). The zero-field mobilities extracted from the spacecharge limited current (SCLC)-voltage characteristics (Fig. S1) that CN suppresses the pre-aggregation of P(NDI2OD-T2) in solution, [18] thus improving the solar cell performance mainly by a more efficient photogeneration of free charge carriers in the film bulk. [19] Indeed, because light-induced excitons in BHJ-PSCs usually have short exciton diffusion lengths of only a few nanometers (typically less than 10 nm for several organic semiconductors [16] ), a fine donor/acceptor phase separation results in efficient exciton dissociation. The improved vertical charge transport for the film processed from the xylene:CN mixture is corroborated by a two/ten fold increase in space-charge limited current mobilities (µe = 2.2  10 -4 cm 2 V -1 s -1 and µh = 3.4  10 -4 cm 2 V -1 s -1 ). The external quantum efficiency (EQE) curves of the three types of PSC devices mentioned above are shown in Figure 2b . The EQE spectra show a broad response in the wavelength range from 400 nm to 850 nm, which evidences the contribution of both P(NDI2OD-T2) (max = 400 nm and 700 nm) and P3HT (max = 550 nm) absorption. From the EQE spectra and from previously reported time resolved photoluminescence measurements, [20] photons absorbed in both polymers ultimately contribute to the photocurrent.
Bottom-gate, bottom-contact field-effect transistors were also fabricated to examine the effect of the considerable morphology variation in a very different device geometry. In order to prevent electron-trapping at the dielectric-semiconductor interface, the hydroxyl groups on the dielectric surface were passivated with hexamethyldisilazane (HMDS). It is worthy to note that P3HT and P(NDI2OD-T2) show similar surface energies (25.8 and 23.7 mJ m -2 , respectively) [21] thus, we do not expect any significant selective surface-driven wetting at such an interface. Indeed, a close inspection at the film blend morphology on Si/SiO2 (surface energy = 61.4 mJ m -2 ) [22] and Si/SiO2-HMDS-treated (43.6 mJ m -2 ) [22] substrates shows no significant differences (see Supporting Information Figure S2 ). As a consequence, our P3HT:P(NDI2OD-T2) transistors are an ideal platform to gain insights into the effect of hierarchical phase separation on the bi-dimensional charge transport. [23] However, the electron and hole mobilities for FET devices with the P3HT:P(NDI2OD-T2) blend processed from DCB were found to be similar to those of the single polymer transistors. [20] In this case indeed, the immiscibility of the two components (polymers)
promotes the formation of stratified percolation pathways parallel to the dielectric/semiconductor interface, thereby affording a blend morphology enabling the efficient transport of both charge carriers. This result corroborates with the very low PCE (< 0.1%) observed for the corresponding solar cells (see Table 1 for comparing solar cell and FET performances). On the other hand, when FETs are processed from xylene, both hole and electron mobilities are slightly reduced to typical values of 1.8  10 -3 cm 2 V -1 s -1 and 1.4  10 -3 cm 2 V -1 s -1 , respectively. The lower ambipolar mobilities may be attributed to the formation of an interpenetrating network of well-crystallized P3HT nanofibers embedded into the P(NDI2OD-T2) phase, a result reflecting the enhanced PCE observed for the corresponding solar cells (0.3%). Indeed, P3HT is known to self-organize in crystalline aggregates with improved mobility when processed from poor solvents such as xylene [24] and this may also be the reason for the larger FET mobility for holes than electrons for blends processed from xylene. When CN is used as a co-solvent of xylene, the number of percolating pathways between source and drain electrodes sharply decreases, resulting in a 10x reduction in mobility for both holes and electrons and a reduced on/off current ratio (~10). The marked worsening of the transistor performances with respect to the DCB-and xylene-coated blends agrees very well with the PCE measurements previously discussed, implying a fine bulkheterojunction intermixing and/or the formation of primarily single-component domains extending perpendicular to the substrate surface.
X-ray Photoelectron Spectroscopy (XPS) and Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS) were performed on the blend films cast from the different solvents in order to determine the concentration profile of P3HT and P(NDI2OD-T2) throughout the film thickness and to study the molecular packing of the blend films, respectively. The substrate used for these measurements was Si/SiO2-HMDS-treated. Note that the surface energy of Si/SiO2-HMDS-treated (43.6 mJ m -2 ) [22] compares favourably with that of PEDOT:PSS (47.5 mJ m -2 ) [25] which was used instead as an interlayer in the BHJ-PSCs. Because of the similar surface energy and roughness of these substrates, and considering that P3HT and P(NDI2OD-T2) show similar surface energies (25.8 and 23.7 mJ m -2 , respectively), [21] we expect that the substrate should minimally affect the blend film morphology and microstructural order. S3 and S4 ). These features are consistent with the column lengths extracted from X-ray diffraction and AFM characterization of the pristine P(NDI2OD-T2) layer, suggesting a mesoscale phase separation with hierarchical blend morphology having a P(NDI2OD-T2) layer on top. [26] GIWAXS diffraction peaks arising from both P3HT and P(NDI2OD-T2) are visible in all three blends ( Figure S5 ). Films deposited from DCB and xylene both yield very similar diffraction patterns with strong scattering originating from the P3HT and P(NDI2OD-T2) alkyl stacking along the qz and qxy axes, respectively. This result indicates that P3HT and P(NDI2OD-T2) in these films are stacking edge-on and face-on, respectively relative to the substrate. This is not unexpected for films which are largely phase separated, as these are the orientations typically observed in the neat films of these two polymers. On the other hand, films cast from xylene:CN show a more isotropic distribution of crystallites, indicated by the diffraction spots being broadened into rings ( Figure S6 ). This is in agreement with our other experimental results suggesting a finer mixing of the two components in the film cast from xylene:CN. By using the Scherrer equation, we can estimate the coherence lengths of P3HT and P(NDI2OD-T2) in the alkyl stacking direction for each film. Films deposited from DCB show coherence lengths of 9.8 nm and 7.2 nm for P3HT and P(NDI2OD-T2), respectively, while those from xylene are similar (7.5 and 7.3 nm, respectively). On the other hand xylene:CN processed films yield more ordered crystalline domains for both polymers with coherence lengths of 12.3 nm and 16.1 nm for P3HT and P(NDI2OD-T2), respectively. These data indicate that enhanced order of both polymer domains in the blend in combination with proper mixing is important to improve the PSC performance.
Vertically phase-separated structures have been observed for several spin-coated polymer blends upon solvent evaporation. [27] In the present case, such vertical phase separation featuring a P(NDI2OD-T2)-rich top layer and a bottom interface mostly composed of P3HT would explain the low PCEs and SCL mobilities observed in the devices, which basically have a bilayer-like semiconductor structure (Figure 4) . At the same time, bilayer percolating pathways parallel to the substrate support the good ambipolar transport observed for the DCBcoated FETs, showing that the high mobility of P(NDI2OD-T2) and P3HT are indeed preserved upon blending. In particular, holes can be injected and travel in the P3HT-rich domains at the dielectric interface while electrons are injected into the P(NDI2OD-T2)-rich phase and travel at the P3HT:P(NDI2OD-T2) interface. Crystalline and continuous bidimensional conductive channels with respect to the substrate have been demonstrated by mixing polymer semiconductors with high-mobility small molecules, or using small molecules only, yielding ambipolar transistors.
[28]
The use of xylene as a solvent results instead in strongly phase separated domains characterized by a network of poorly interconnected islands of P3HT (Figure 3e ), in agreement with previous observations. [15, 19] Furthermore, addition of CN to the xylene solution has a strong effect on the nanoscale morphology of the polymeric films (Figure 3f ), which results in more homogeneous films characterized by the lack of pronounced domain structure. This homogeneously intermixed blend morphology is consistent with increased PCEs and SCL mobilities as well as supporting the conclusions that the drop in field-effect mobility is due to the P3HT:P(NDI2OD-T2) mixture becoming homogeneous (Figure 4 ).
In summary, we have shown that control of the polymer aggregation and phase separation of an all-polymer blend can be used to effectively tune preferential charge transport within the blend from an in-plane to an out-of-plane direction. By depositing P3HT:P(NDI2OD-T2)
films from different solvents, the degree of phase separation and film morphology of the two components can be varied significantly. Efficient polymer solar cells and diode transport are obtained by inducing laterally phase-separated blends, whereas self-stratified films result in high balanced ambipolar field effect mobility. Thus, the simultaneous control of several properties such as polymer crystallinity, domain size, materials miscibility, hierarchical structures and molecular orientation is a challenging but viable route toward further improvement of all-polymer device performance.
Experimental Section
Materials and Device fabrication: Photovoltaic devices were fabricated by using an ITO/PEDOT:PSS/P3HT:P(NDI2OD-T2)/LiF/Al architecture, with a PEDOT:PSS (poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate))-coated indium tin oxide (ITO) layer used as the transparent electrode. Pre-patterned ITO glass substrates were first cleaned in an ultrasonic bath using acetone and isopropanol and then treated with UV-ozone (20 min) prior to deposition of a 50-nm-thick PEDOT:PSS layer. PEDOT:PSS (Clevios P VP Al 4083) was spin-coated from aqueous dispersion at 2000 rpm and dried at 140 °C for 10 min in ambient conditions. The substrates were then transferred to a nitrogen filled glovebox for active layer deposition. Highly regioregular P3HT was purchased from Sigma Aldrich (Plexcore OS 2100, regioregularity >98%, Mn = 54-75 kg mol -1 , polydispersity < 2.5), blended with P(NDI2OD-T2) (ActivInk N2200, supplied by Polyera Corporation) and stirred overnight in a hot solution.
The polymer blends were spin-coated from DCB, xylene and xylene:CN at 1500 rpm with a weight ratio of 1:1 (10 mg mL -1 ), following a routine that was reported earlier. Once the active layer has been deposited, the devices were completed by evaporation of 1 nm of LiF, covered by a 100 nm aluminium top electrode via thermal evaporation through a shadow mask. The active area of the solar cells was 4 mm 2 .
Bottom-gate/bottom-contact field-effect transistors were fabricated by spin-coating the polymer blend solutions on heavily doped p-type Si substrates with a 200-nm-thick thermally grown SiO2 layer as the gate dielectric (Cd = 17 nF cm −2 ). Interdigitated source and drain electrodes were defined lithographically and consist of 10 nm of Ti and 30 nm of Au. All the substrates were cleaned stepwise in acetone and isopropanol in an ultrasonic bath and then treated with UV-ozone for 20 min. Before the deposition of the P3HT:P(NDI2OD-T2) blend, the silicon oxide substrates were modified with a hexamethyldisilazane (HMDS) self-assembled monolayer. The active layer was then spin-coated following the recipe used for solar cell fabrication. Both the HMDS treatment and polymer blend deposition were carried out in a controlled-atmosphere glovebox filled with N2. The FETs were then transferred to a vacuum probe station and left under vacuum conditions overnight to remove residual contaminants from the active layer.
Space-charge limited current (SCLC) devices were fabricated by spin-coating the polymer blend solutions onto ITO substrates. For hole-only devices 8 nm MoO3 were evaporated as the interface between ITO and the polymer blend layer and 8 nm MoO3 followed by 120 nm Ag were evaporated as top electrode. For the electron-only devices 30 nm ZnO (according to a method published by M.T. Lloyd et al. in Ref. [29] ) were spin coated as the bottom interface between ITO and the polymer blend and 10 nm Ca followed by 100 nm Al were evaporated as the top electrode. The active area of the devices was 5 mm 2 .
Device characterization: Solar cells were characterized under illumination of a Steuernagel SolarConstant 1200 metal halide lamp. The intesity was set to 100 mW cm -2 using a reference silicon solar cell and correcting for spectral mismatch. Photocurrent was measured on at least 5 devices per different casting solvent by using a Keithley 2400 source-measure. The EQE measurement was carried out using a lock-in amplifier (SR830, Stanford Research Systems) coupled with a monochromator and a xenon lamp under short-circuit condition.
Dark hole-only and electron-only J-V curves were fitted to the following equation [30] to extract the charge carrier mobilities:
e 0 e r m e(h) exp 0. Bottom-gate/bottom-contact FETs were measured in vacuum and at room temperature using a Keithley 4200-SCS semiconductor parameter analyzer. Mobility was evaluated on at least 7 devices per different casting solvent in the saturation regime at a drain voltage VD = 50 V.
AFM, XPS, TEM, SEM, and GIWAXS characterization:
AFM were performed using a Multimode Nanoscope IV (Digital Instruments, Santa Barbara, CA) operating in tapping mode. Etched-silicon probes with a pyramidal-shape tip having a nominal curvature of 10 nm and a nominal internal angle of 35° were used. The AFM images were recorded with a resolution of 512 pixels × 512 pixels at a tip resonance frequency of 310 kHz. XPS measurements were carried out on a PHI VersaProbe Scanning XPS Microprobe using a C60 sputter source. Although samples were processed in inert nitrogen (N2) atmosphere, we note that nitrogen incorporation into the films is unlikely since these polymers do not chemically react with N2 and physisorbed nitrogen will be removed after insertion of the samples into the ultra-high vacuum XPS measurement chamber. Thus, any nitrogen detected in the samples arises from the P(NDI2OD-T2) polymer. Atomic concentrations measured by XPS are not calibrated against standards, but rather are directly proportional to the measured peak intensity and calculated from theoretically determined sensitivity factors. This allows us to make direct quantitative comparisons of atomic concentrations across samples processed from different solvents. Film thicknesses were determined using a Park Systems XE-70 AFM. TEM measurements were performed using a JEOL JEM-2100F instrument on thin films prepared under identical conditions as described before. SEM samples were mounted on copper stub with the help of carbon double-stick tape and subsequently coated with gold using a sputter coater at 3 Pa pressure and 30 mA current for 30 seconds and measured at keV beam current and 4.5 mm working distance. X-ray scattering was performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beam line 11-3 (2D scattering with an area detector, MAR345 image plate, at grazing incidence). The beam energy was 12.7 keV and the incidence X-ray angle (0.12°) was slightly larger than the critical angle, ensuring that we sampled the full film depth. Scattering data are expressed as a function of the scattering vector q = 4π*sin(θ)/λ, where θ is half the scattering angle and λ is the wavelength of the incident radiation. Here, qxy (qz) is the component of the scattering vector parallel (perpendicular) to the substrate.
Supporting Information
Supporting Information is available online from the Wiley Online Library or from the author. a) The FET mobilities were calculated in the saturation regime (VD = 50 V).
b) The large standard deviation is due to the large film thickness variations.
